Aims/hypothesis. Epidemiological evidence suggests that some adult diseases like insulin resistance syndrome and diseases associated with it originate in fetal life. The role of maternal macronutrient malnutrition but not of micronutrients in the fetal origin of adult disease is well studied. We hypothesise that chronic maternal vitamin restriction predisposes the offspring to insulin resistance syndrome. Methods. Female weanling Wistar/NIN rats received a control diet (n=6) or a 50% vitamin-restricted diet (n=14) for 12 weeks and mated with control males. Four dams on the restricted diet were shifted to the control diet from parturition. Pups born to the remaining 10 dams on the restricted diet were weaned on to control diet or continued on the restricted diet. All groups had 8 male pups from weaning onwards.
Introduction
Intrauterine and early post-natal malnutrition has profound consequences on fetal and post-natal development in humans and animals [1, 2] . Low birthweight is associated [3] with increased risk of the metabolic syndrome in adulthood. Metabolic syndrome, a cluster of cardiovascular risk factors such as diabetes, hypertension, dyslipidaemia and obesity, is now a recognised major health problem in developing countries like India [4] . Insulin resistance is the common underlying feature, but its causes are not completely understood. These observations have led to the hypothesis that intrauterine growth retardation affecting fetal development predisposes the offspring to insulin resistance and diabetes in later life [5, 6] .
Maternal nutrition directly affects fetal growth and development by modulating the availability of nutrients for transfer to the fetus. It may also permanently alter glucose and insulin metabolism [7] . Several metabolic abnormalities that lead to insulin resistance have been demonstrated in the offspring of rat dams fed protein-or energy-restricted diets [7] . Most studies reported so far have considered only maternal deficiency of macronutrients, but not of micronutrients.
Micronutrients such as vitamins and minerals play essential roles in cellular metabolism, maintenance and growth throughout life. Several studies indicate that vitamins A, D, E, C and folate affect insulin sensitivity [8] . Moreover, deficiencies of these vitamins can have profound and often persistent effects on many fetal tissues and organs, even in the absence of any clinical signs of deficiency in the mother [9] . Furthermore, the consequences of vitamin imbalance during fetal development may not be apparent at the time of the nutritional insult, but may only become manifest during later development [9] . Multiple vitamin deficiencies, particularly during pregnancy and/or lactation, are common in the developing world and maternal vitamin deficiencies are associated with low birthweights and increased rates of perinatal mortality and morbidity [10] . Interestingly, the prevalence of low birthweight in developing countries varies from 13% to 30% [11] . Despite this and the known effects of vitamins per se on insulin action, the role of maternal vitamin deficiencies in the development of insulin resistance in the offspring has not been assessed so far.
It could, however, be of great interest in elucidating why the incidence of metabolic syndrome and Type 2 diabetes is increasing in the Indian population. In view of the literature cited above, we hypothesised that maternal dietary vitamin restriction predisposes the offspring to insulin resistance in later life. Our study was carried out in Wistar/NIN (WNIN) rats to validate or negate this hypothesis.
Materials and methods
Feeding, maintenance and breeding of animals. All animal experiment procedures were carried out in accordance with the 'principles of laboratory animal care' (NIH publication no. 85-23, revised 1985) and with the approval of the ethical committee on animal experiments at National Institute of Nutrition, Hyderabad, India.
Female, weanling Wistar/NIN (WNIN) rats (n=20) were obtained from National Centre for Laboratory Animal Sciences, National Institute of Nutrition, Hyderabad, India. They were divided into 2 groups of 6 and 14, housed individually in polypropylene cages with wire mesh bottom and maintained at 22±2°C, under standard lighting conditions (12-h light/dark cycle). For 12 weeks the group of 14 rats was fed a basal diet (AIN-93G) [12] , with 50% restriction of vitamin mixture (composition of diet and vitamin mixture, see Table 1 ). The other group of 6 rats served as the pair-fed control for the vitamin-restricted group. All the animals were provided deionised water. At the end of 12 weeks of feeding, blood was collected from supra orbital sinus to determine the vitamin status of the rats, in addition to the following biochemical parameters: haemoglobin, glucose, insulin, cholesterol and triglycerides.
After assessment of their vitamin status, the rats were mated with control males (2 females to 1 male) and maintained on their respective diets throughout gestation. At parturition, 4 of the vitamin-restricted dams were shifted to control diet (VSP) and the remaining 10 vitamin-restricted dams continued on the restricted diet throughout lactation. During lactation, a uniform litter size was maintained in all groups from post-natal day 3, by adjusting the number of offspring per litter to 8 (equal number of male and female pups with most mothers). From weaning (post-natal day 21), only 8 male pups, derived from 4-5 mothers of the corresponding group, were maintained in each of the groups till post-natal day 180. While control-diet pups remained on the control diet, VSP pups and 8 vitamin-restricted pups were weaned on to control diet (VSW), with another 8 vitaminrestricted pups continuing on the restricted diet. To avoid the possible effects of estrus cycle on glucose and fat metabolism and insulin resistance, only male offspring have been included in this study. The feeding protocol used in this experiment is depicted schematically in Figure 1 . Daily diet intake and weekly body weights were recorded in mothers and offspring.
Measurements in plasma.
Blood was collected from offspring at 40, 70, 100 and 180 days of age following an overnight fast; plasma was separated and stored at −20°C till analysis. Vitamins A and E were measured in maternal plasma by HPLC [13] and folic acid by radioimmunoassay using a commercially available kit (Diagnostic Products, Los Angeles, Calif., USA), according to the manufacturer's instructions.
Plasma glucose and HDL cholesterol were measured enzymatically using kits (Dr. Reddy Labs, Hyderabad, India) according to the manufacturer's instructions. Total cholesterol and triglycerides were measured in fasting plasma using enzymatic kits (Biosystems, Barcelona, Spain). Plasma insulin was measured using the radioimmunoassay kit from BRIT, Mumbai, India.
Oral glucose tolerance test. An OGTT was performed in 6 to 8 pups of all 4 groups on post-natal days 40, 70, 100 and 180. After an overnight fast, glucose (300 g/l) was administered orogastrically at a dose of 2.5 g/kg body weight and blood samples were obtained from supra orbital sinus at 0, 60 and 120 min to determine plasma glucose and insulin concentrations. Glucose and insulin responses during the OGTT were calculated by computation of the total area under the glucose and insulin curves respectively, using the trapezoidal method [14] .
Physiological indices of insulin resistance and glucose tolerance. Indices were based on fasting glucose, insulin concentrations calculated according to the homeostasis model assessment for insulin resistance (HOMA-IR) and on the animals' response to an oral glucose challenge (AUC glucose / AUC insulin). We computed the indices as follows:
1. HOMA-IR. Insulin resistance was assessed from fasting glucose and fasting insulin concentrations using the following formula:
2. Glucose AUC : insulin AUC. The AUCs during the OGT were calculated by the trapezoidal method [14] and the glucose AUC : insulin AUC was computed.
Body composition of the offspring. Total body composition of the offspring was determined on post-natal days 100 and 180 using the Total Body Electrical Conductivity (TOBEC) small animal body composition analysis system (EM-SCAN, Model SA-3000 Multi detector, Springfield, Ill., USA). This instrument determines the total body electrical conductivity of small animals in a non-destructive fashion. The difference between the impedance measured when the animal is inside the electromagnetic field and when the chamber is empty, is an index of the total electrical conductivity of the body, which in turn is proportional to the animal's lean body mass.
Prior to TOBEC measurement, the rats were anaesthetised lightly with ether and placed in the carrier in such a way that the animal's body was stretched to its maximum comfortable length. Then the carrier was placed in the TOBEC chamber and 10 to 12 recordings/scans were taken for each rat. The highest and lowest readings were excluded and the remaining 10 were averaged. The intra-assay coefficient of variation was less than 3.0%. Prior to the measurements, the instrument was calibrated with a standard coil (ID 3076; supplied with the instrument) and the empty chamber read 0-2 units.
The following body composition parameters were obtained mathematically according to the methods of Morbach and coworkers [15] , where E stands for total electrical conductivity:
1. Lean body mass =0.5 E+(0.3×total body weight) 2. Total body fat = total body weight−lean body mass Total body fat percent = (total body fat/total body weight)×100 3. Fat-free mass =16.28+0.4 E Oxidative stress and antioxidant status. On post-natal day 180 the animals were killed by decapitation. The livers were dissected out immediately, washed thoroughly with ice-cold 0.9% NaCl, frozen in liquid nitrogen and stored at −80°C until the analysis.
About 1 g liver (from the biggest lobe) was weighed out, minced and homogenised (10% w/v) in 50 mmol/l phosphate buffer (pH=7.0). The homogenate was centrifuged at 1000 g for 20 min at 4°C. A part of the supernatant was used to estimate lipid peroxidation and protein carbonyls. The remaining supernatant was further centrifuged at 12,000 g for 20 min at 4°C to obtain the postmitochondrial supernatant. This was used to estimate reduced glutathione (GSH) and activities of the antioxidant enzymes: catalase, superoxide dismutase (SOD) and glutathione peroxidase (GPx).
Lipid peroxidation was measured by the thiobarbituric acid colour reaction for malondialdehyde (MDA) [16] . Protein carbonyl content was measured spectrophotometrically using 2,4-dinitro-phenyl-hydrazine [17] . GSH was determined by its reaction with o-phthalaldehyde [18] . Total SOD activity was assayed by monitoring the rate of inhibition of pyrogallol reduction [19] . One unit of SOD represents the amount of enzyme required for 50% inhibition of pyrogallol reduction per minute. Catalase was assayed by monitoring the disappearance Schematic representation of the feeding protocol of different groups of mothers and the offspring. VC, control diet throughout; VR, vitamin restriction throughout; VSP, vitamin supplementation to vitamin-restricted mothers from parturition and to pups of such mothers from weaning; VSW, vitamin-restricted offspring weaned on to control diet. * n=8 male offspring in each group from weaning of H 2 O 2 at 240 nm [20] . One unit of catalase represents the decrease of 1 µmol of H 2 O 2 per minute. A coupled enzyme procedure, with cumene H 2 O 2 as a substrate, was used to determine total GPx activity [21] . One unit of GPx was defined as the number of µmol of NADPH oxidised per minute. The protein content was determined using the modified Lowry method [22] .
Statistical analysis. Data were subjected to statistical analyses using SPSS statistics package (version 10.0). Differences between the control and restricted mothers and their offspring (from birth to weaning) were analysed using the Student's t test. Data collected from the offspring after weaning were analysed using ANOVA, followed by post hoc tests of the least significance difference. Wherever heterogeneity of variance was observed, differences between groups were tested by nonparametric Mann-Whitney U tests. All values are presented as means ± SEM. The differences were considered significant at a p value of at least p<0.05.
Results

Parameters in mothers
Maternal growth, vitamin status, glucose tolerance and reproductive performance. Body weight gain in WNIN female rats was not affected by feeding vitamin-restricted diets for 3 months from weaning (Table 2) compared to pair-fed control animals, although haemoglobin levels were significantly decreased (p<0.001). The vitamin-restricted diet had no effect on plasma folic acid and vitamin A levels, but vitamin E (tocopherol) levels were significantly lower in that group than in control animals (p<0.05) ( Table 2) . Also, there were no differences between the two groups in fasting glucose, insulin and HOMA index or the AUC of glucose during the OGTT. Although plasma total cholesterol was not different between the two groups, plasma triglycerides were significantly higher in vitamin-restricted dams (p<0.05) ( Table 2) .
Maternal weight gain during pregnancy, litter size and the birthweight of the offspring were comparable between vitamin-restricted and pair-fed control dams. In addition, pup mortality during parturition and lactation did not change significantly on the vitaminrestricted diet.
Parameters in offspring
Growth characteristics. Despite similar birthweights and the fact that a uniform litter size per mother was maintained from post-natal day 3, weaning weights of vitamin-restricted and VSP pups were significantly lower than those of controls (Table 3) . While vitaminrestricted offspring continued to weigh less till postnatal day 180, VSP and VSW offspring caught up with controls by post-natal day 180 (Table 3) .
Glucose tolerance and insulin resistance. There were no significant differences among different groups in fasting glucose levels till post-natal day 100, but there were some transient changes in vitamin-restricted pups on post-natal day 40. On post-natal day 180, the VSW group had significantly higher fasting glucose levels (p<0.01) than control offspring (Fig. 2a) . However, there were no significant differences in fasting insulin levels among the 4 groups at any of the 4 time points tested (Fig. 2b) . The AUCs for glucose and insulin during an OGTT in general were not significantly different among the 4 groups till post-natal day 180 (Fig. 3a, b) , but there were some transient changes in vitamin-restricted offspring on post-natal days 40 (AUC glucose) and 70 (AUC insulin).
With regard to insulin resistance, there were no significant differences among the groups in the HOMA-IR values at any time point tested (Fig. 2c) . However, the glucose AUC : insulin AUC ratio was significantly higher in the vitamin-restricted and VSW groups (p<0.01) than in the control and VSP groups at 180 days.
Body composition and plasma lipids.
Compared with control offspring, body fat percent was significantly higher (p<0.01) in offspring of vitamin-restricted mothers (Fig. 4a) . Other markers of adiposity like lean body mass and fat-free mass (Fig. 4b, c) were significantly lower (p<0.05), both on post-natal days 100 and 180. In keeping with high body fat percent, plasma triglyceride levels were significantly higher in offspring of vitamin-restricted mothers than in those of control mothers (p<0.01) (Fig. 5 ) from post-natal day 70 onwards.
The rehabilitation of vitamin-restricted dams from parturition, but not from weaning corrected the changes almost completely by post-natal day 180 (Figs. 4,  5 ). Plasma total cholesterol and HDL cholesterol in the offspring were not significantly different among the groups at any of the time points tested (data not given).
Oxidative stress and antioxidant defense. Chronic maternal vitamin restriction resulted in a significant increase in MDA (p<0.01) and a decrease in GSH levels (p<0.05), but not in protein carbonyls (Table 4) in the liver. Hepatic SOD and GPx activities were sig- Table 4) . Rehabilitation either from parturition or weaning prevented the changes in MDA and GSH levels. The increased SOD was corrected by rehabilitation from parturition, but not by rehabilitation from weaning alone, whereas both appeared to correct the increase in GPx.
Discussion
Maternal undernutrition could predispose the offspring to diseases in adult life [3] . Although a number of animal models have been established to understand the mechanistic basis of this relationship [23, 24] , most of them have dealt with the effect of maternal deficiency of macronutrients [25, 26] . Little is known as to whether maternal dietary micronutrients, especially vitamins, play any role in the fetal origin of adult diseases. The present study was designed to assess the hypothesis that a 50% restriction of maternal dietary vitamins predisposes the offspring to insulin resistance syndrome in later life. We assessed the effect of maternal vitamin restriction during the mothers' growth, pregnancy and lactation on body weight, glucose tolerance, insulin resistance, body fat content and circulating lipid levels. We did this in the offspring on days 40, 70, 100 and 180 after birth. Chronic maternal dietary vitamin restriction did not affect the birthweights of the offspring. Interestingly, only when maternal vitamin restriction was continued post-natally did it decrease the body weight of offspring at weaning and thereafter. By itself it did not decrease the offspring's body weight. The fact that these changes could be prevented by post-natal vitamin supplementation from parturition or weaning appears to stress the importance of neonatal and postnatal vitamin nutrition in the development of rat offspring. These findings are in partial agreement with earlier literature [9, 25] .
Chronic, maternal vitamin restriction or its postnatal continuation in the offspring had no discernable effect on their fasting plasma glucose and insulin levels or oral glucose tolerance (AUC of glucose and insulin) till 6 months of age. Interestingly, on postnatal day 180, fasting plasma insulin levels as well as the AUC of insulin during OGTT were lower in all the groups compared with earlier time points, indicating developmental changes in the insulin status in rats and probably suggesting that a change in the glucose sensitivity of the rats occurs at this age. Despite these changes, no animal in any group had impaired oral glucose tolerance till 6 months of age, nor were the HOMA-IR values different among the groups. These observations are in agreement with Langley and coworkers [27, 28] , who showed that maternal protein or iron restriction in rats affected glucose tolerance in the offspring only at 15 months but not at 3 months of age.
Notwithstanding the findings mentioned above, it was interesting that on post-natal day 180, the AUC glucose : AUC insulin ratio during the OGTT was significantly higher in vitamin-restricted than in control offspring. These results indicate that maternal vitamin restriction and its post-natal continuation probably decrease the capacity of offspring to secrete insulin in response to an oral glucose challenge, and are in agreement with earlier literature showing that maternal protein deficiency had a similar effect on glucosestimulated insulin secretion in the offspring [27, 29, 30] . The fact that rehabilitation of vitamin-restricted mothers from parturition, but not rehabilitation of vitamin-restricted offspring from weaning, could mitigate this defect suggests the importance of neonatal and early post-natal vitamin nutrition in modulating/programming glucose-stimulated insulin secretion and hence glucose metabolism in the offspring.
One study [31] reported altered lipid metabolism in the pups of rat dams subjected to protein malnutrition or iron deficiency during pregnancy. Abundant literature indicates that altered body adiposity and/or lipid metabolism are the earliest changes seen, much before tissue insulin resistance becomes manifest [32, 33] . Indeed, it has been hypothesised that insulin resistance originates in impaired adipogenesis and/or lipid metabolism [33, 34, 35] . In line with these reports, offspring of vitamin-restricted mothers had higher body fat percent and plasma triglycerides along with lower lean body mass and fat-free mass than those of control-fed rats, probably suggesting that the former were developing insulin resistance. Interestingly, all these changes (with the exception of raised plasma triglyceride levels) were mitigated by rehabilitating vitamin-restricted mothers from parturition or vitamin-restricted pups from weaning, suggesting that maternal vitamin restriction and its post-natal continuation are relevant to the modulation/programming of the offspring's lipid metabolism.
The fact that only vitamin supplementation to vitamin-restricted mothers from parturition and to offspring of such mothers from weaning was able to correct the increased plasma triglyceride levels is comparable to their effects on the AUC glucose : AUC insulin ratio and highlights the importance of neonatal vitamin nutrition in modulating not only glucose but also lipid metabolism in the offspring. It remains to be seen whether the observed increase in plasma triglycerides is due to modulation of their clearance from the circulation and/or to lipolysis in tissues. In addition, the effects of neonatal vs post-weaning vitamin rehabilitation of vitamin-restricted pups on the modulation of these processes also needs to be determined.
There are reports that lipid abnormalities and insulin resistance are associated with an abnormal antioxidant defense and increased oxidative stress [36, 37] . It has also been suggested that oxidative stress plays a role in the development of insulin resistance [38, 39] . In line with these reports, we observed an increase in oxidative stress and decreased antioxidant status in vitamin-restricted rats compared with control rats. Given that some vitamins (e.g. Vitamin E) are very potent biological antioxidants, the increased oxidative stress in vitamin-restricted rats is not unexpected. As such, the increase in MDA and decrease in levels of reduced GSH in liver were also to be expected. Despite a significant increase in the activities of SOD and GPx in liver, vitamin-restricted rats had increased oxidative stress. This probably corroborates the importance of non-enzymatic antioxidants (especially vitamins) as the primary line of defense against oxidative stress [40] and suggests that maternal vitamin restriction modulates/programs antioxidant enzymes in the offspring to cope with the increased oxidative stress.
As a corollary to this, rehabilitation of vitaminrestricted mothers from parturition mitigated the changes in all the parameters mentioned above, stressing the importance of maternal vitamin restriction and its postnatal continuation in modulating oxidative stress in the offspring. However, in VSW pups, all parameters except hepatic SOD levels were mitigated. This is in line with our findings on the AUC glucose : AUC insulin ratios and plasma triglycerides levels, and underlines the importance of neonatal vitamin nutrition in reversing the changes induced by maternal vitamin restriction in the enzymatic anti-oxidant defense mechanisms of the offspring. Given that activities of antioxidant enzymes do not necessarily show a relation with oxidative stress and/or antioxidant status [40] , the changes in the activities of antioxidant enzymes as expressed by the levels of hepatic MDA and GSH observed here may be acceptable.
Regardless of the mechanism(s) of modulation, it appears that the increased oxidative stress observed in maternal and/or post-natal vitamin restriction could be involved in the changes in adiposity and/or lipid metabolism, the well-recognised forerunners of insulin resistance.
In VSP and VSW animals, subsequent vitamin supplementation mitigated most of the changes in adiposity and lipid metabolism, as well as changes in oxidative stress and antioxidant defense. This probably suggests a causal relationship among these parameters, in addition to the relevance of maternal and postnatal vitamin nutrition of the offspring. To the best of our knowledge, this is the first report showing that chronic maternal vitamin restriction during the phases of mothers' growth, pregnancy and lactation affected the adiposity and lipid metabolism of the offspring and indicating that these effects could be due to increased oxidative stress and/or decreased antioxidant defense in the offspring. Furthermore, the high body fat percent and low body weight observed in vitaminrestricted offspring are similar to those reported in the "thin fat babies" in India, an abnormal condition attributed to maternal malnutrition [41] and thought to increase the risk of metabolic syndrome in later life. It thus appears from our results that the recent increase in the incidence of insulin resistance and its associated diseases among Indians could at least partly be due to widely prevalent micronutrient malnutrition and the resulting low-birthweight babies.
There are a number of similarities between our results and the effects reported in the offspring of mothers fed low protein diets [27, 31, 42] . Interestingly, in all these studies there was early growth retardation along with altered body composition and altered lipid profile. Although vitamin-restricted offspring had neither impaired glucose tolerance nor insulin resistance till post-natal day 180, the finding that they had significantly high body fat content with altered lipid metabolism (increased plasma triglycerides) probably suggests a predisposition to insulin resistance in later life. The rehabilitation of vitaminrestricted dams from parturition was more beneficial in preventing the changes in glucose and lipid metabolism and oxidative stress, than rehabilitating their pups from weaning. This, perhaps, stresses the importance of vitamin nutrition, especially during lactation, in predisposing offspring to metabolic syndrome in later life. Although we do not have direct evidence of insulin resistance, our results overall seem to support the hypothesis that maternal vitamin restriction predisposes the offspring to insulin resistance syndrome and associated diseases in later life.
